Multiple myeloma (MM) is a hematologic malignancy of differentiated plasma cells that accumulate in the bone marrow, where a complex microenvironment made by different cell types supports proliferation, survival, and drug resistance of tumor cells. MicroRNAs (miRNAs) are short non-coding RNAs that regulate gene expression at posttranscriptional level. Emerging evidence indicates that miRNAs are aberrantly expressed or functionally deregulated in MM cells as the result of multiple genetic or epigenetic mechanisms and that also the tumor microenvironment regulates MM cell functions by miRNAs. Consistently, modulation of miRNA levels in MM cells has been demonstrated to impair their functional interaction with the bone marrow microenvironment and to produce significant antitumor activity even able to overcome the protective bone marrow milieu. This review will describe the most recent findings on miRNA function in the context of MM bone marrow microenvironment, focusing on the therapeutic potential of miRNA-based approaches.
Introduction
Multiple myeloma (MM) is a complex hematologic malignancy, driven by several genetic and epigenetic alterations. It is characterized by high infiltration and accumulation in the bone marrow (BM) of malignant plasma cells (PCs), which secrete a monoclonal protein detectable in the blood and/or urine [1] . After non-Hodgkin lymphoma, MM represents the second most common hematologic disease accounting for more than 10% of all hematologic cancers and 2% of annual cancer-related deaths [2] . MM is often preceded by premalignant conditions including monoclonal gammopathy of undetermined significance (MGUS), indolent multiple myeloma (IMM), and smoldering multiple myeloma (SMM). MM, which can also occur de novo, is a subsequent, late-stage of this progression [1] . Diagnostic criteria of symptomatic myeloma include the presence of at least 10% MM cells in the BM and of monoclonal protein in serum and/or urine, along with MM-related end-organ or tissue damage (including hypercalcemia, renal dysfunction, anemia, immunodeficiency, and bone destruction) [1] . Although extensive preclinical research [3] has provided the basis for the clinical introduction of novel therapeutics such as immunomodulatory agents (thalidomide, lenalidomide, and pomalidomide) or proteasome inhibitors (bortezomib, carfilzomib), which have significantly improved the response rate and overall survival of MM patients, MM still remains an incurable disease [4, 5] .
It is noteworthy that MM cells home to and dynamically interact with the BM, which provides a survival and drugresistance framework by direct interaction of MM cells with bone marrow stromal cells (BMSCs) and extracellular 2 BioMed Research International matrix (ECM) components [6] . Indeed, PC trafficking in and out from the BM is responsible for the progression of the disease to new BM sites [7] . The BM microenvironment (BMM) is highly heterogeneous and contains several cell types, including osteoclasts (OCs), osteoblasts (OBs), and endothelial, inflammatory, immune, and BM-derived stromal cells, originating from normal cells but becoming altered during tumor progression; in addition, the BM niche is also composed of a non-cellular compartment including the ECM and several signalling molecules, composed of cytokines, chemokines, and growth factors [8] [9] [10] [11] .
The identification of molecules regulating the cross-talk between MM cells and the BMM represents a challenging area of research in order to unveil the BM-related mechanisms promoting MM development and possibly to identify more effective targets for therapeutic intervention.
MicroRNAs (miRNAs) have gained increasing attention in MM research [12] since they have been found deregulated in MM cells and can target many oncogenes or tumor suppressor genes, thus affecting MM growth in vitro and in vivo [13] [14] [15] [16] . miRNAs are the most abundant class of small RNAs (22-25 nucleotides in length) in animals. They represent approximately 1% of the genome of different species and each has hundreds of different mRNA targets [17] . miRNA biogenesis occurs in the nucleus, where a pri-miRNA hairpin is transcribed by RNA polymerase II and is subsequently cleaved by Drosha, a member of the RNA polymerase III family, into a 70-100 bp pre-miRNA that translocates in the cytoplasm, wherein it is cleaved by Dicer in 20-22 bp miRNA/miRNA * duplexes. Thereafter, the miRNA duplex is unwound and the mature miRNA strand binds to an Argonaute protein into a RNP complex, commonly known as RISC, that drives the mature miRNA strand to the 3 -UTR mRNA target sequence. Depending on the degree of complementarity between the miRNA and its target mRNA, miRNA binding to 3 -UTR represses translation or induces deadenylation and mRNA decay [13, 18, 19] .
By regulating the expression of target genes, miRNAs control diverse cell functions such as proliferation, differentiation, and apoptosis [20] . Recent research has highlighted the role of certain miRNAs as tumor suppressors which inhibit oncogene expression, while several miRNAs are oncogenic modulators that inhibit the expression of tumor suppressor genes [13] . In the last decade, available information about miRNA expression in MM has significantly grown, disclosing several miRNAs controlling critical genes in MM pathobiology and revealing that miRNA expression pattern in MM is frequently associated with specific genetic abnormalities [14] [15] [16] .
Firstly, Pichiorri et al. analyzed miRNA expression profile in a panel of 49 MM cell lines, 16 BM CD138 + PCs isolated from MM, and 6 from MGUS patients, finding a common miRNA signature likely associated with the multistep transformation process of MM. Of note, they found miR-21, members of miR-106b-25 cluster, miR-181a, and miR181b upregulated in MGUS patients; moreover, by comparing MGUS and MM samples with normal PCs, authors found some miRNAs, including miR-32 and miR-17-92 cluster, upregulated only in MM cells [21] . Research performed by our group indeed confirmed abnormal expression of miRNAs in MM samples, with miR-29b, miR-125b, miR-199a-5p, and miR-34a found expressed at low levels in MM cells and/or acting as tumor suppressor miRNAs [22] [23] [24] [25] [26] [27] , while miR-21, miR-125a-5p, miR-221, and miR-222 upregulated in MM cells and behaving as oncomiRNAs [28] [29] [30] [31] [32] .
Similarly to protein-coding genes, the expression of miRNAs in MM cells is regulated by genetic and/or epigenetic mechanisms [33] ; in addition, the BMM per se may alter the miRNA repertoire of MM cells, influencing their behaviour. On the other side, emerging evidence has shown that modulation of miRNA levels in MM cells might affect the phenotype of neighboring cells within the BMM.
The present review will focus on experimental findings underlying the relevant role of miRNAs as fine regulators of the cross-talk between MM cells and the BMM, with the perspective of novel miRNA-based therapeutic interventions targeting MM cells within their supporting milieu.
Cellular Components of the BMM
MM is the prototype of malignancies characterized by complex interactions between tumor cells and the host microenvironment. Survival and proliferation of malignant PCs rely on cell-to-cell contact with BMSCs [9] , generally occurring through adhesion molecules expressed on BMSCs such as ICAM-1, VCAM-1, and 1-and 2-integrins and resulting in the activation of several signal transduction pathways promoting MM survival and drug resistance [34] .
MM-BMSCs also express and produce many angiogenic factors as VEGF, basic-fibroblast growth factor (b-FGF), angiopoietin-1 (Ang-1), transforming growth-factor-(TGF-), platelet-derived growth factor-(PDGF), and IL-1 [35] . Among others, NF-B signalling is activated in BMSCs by MM-BMSCs interaction, which fosters IL-6 secretion by BMSCs and stimulates VEGF secretion by MM cells [36] . MM cell adhesion to BMSCs also promotes NF-Bdependent production of BAFF, a member of the TNF protein superfamily, crucial for the maintenance and homeostasis of normal B-cell development, which confers a survival advantage on MM cells [37, 38] and promotes RANKLindependent osteoclastogenesis [39] . Moreover, the TGFfamily member activin-A, secreted by BMSCs and OCs after interaction with MM cells [40] , modulates bone remodelling by acting as both OC promoter and inhibitor of OB differentiation. In MM, high activin-A levels in both BM and peripheral blood are associated with advanced bone disease (BD) [40] . The interaction between MM cells and BMSCs is also regulated by Notch, which activates growth promoting pathways and stimulates cytokines production both in MM and in BMSCs [41, 42] . MM-BMSCs and MM cells both produce exosomes that can be transferred between the two cell types and positively modulate tumor growth in vitro and in vivo [42, 43] . Exosomes, which may also carry miRNAs, will be discussed in a dedicated paragraph.
OBs and OCs are the two cellular components playing a pivotal role in the metabolism of bone tissues. The anabolic activities of OBs and the catabolic actions of OCs result in continuous self-renewal of bone, maintaining an adequate bone mass and calcium homeostasis in vertebrates [44] . OBs derive from multipotent mesenchymal stem cells (MSCs), produce ECM, and are responsible for its mineralization, thus directly forming intramembranous bones; furthermore, OBs affect OC differentiation from hematopoietic cells [45, 46] . Suppression of OB activity accounts for both the MM osteolytic process and progression of MM. The Wnt signalling pathway inhibitor DKK1 suppresses OB activity in MM by binding to LR5/6 membrane coreceptors. Blockade of DKK1 by anti-DKK1 antibody (BHQ880) increases OB differentiation in vitro and trabecular bone formation in vivo [47] . Proteasome inhibitors (bortezomib) also display bone anabolic activity in vivo [48] . BD is the most frequent complication in MM resulting in osteolytic lesions affecting new bone formation; in MM-BD, the perfect balance between bone-resorbing OCs and bone-forming OB activity is completely abrogated in favour of OCs, thus resulting in skeletal disorders. Inside the BM niche, MM cells lie in close proximity to the sites of active bone resorption and are able to produce themselves or induce other cells to produce "osteoclast-activating factors." MM cells produce several factors, including RANK-L, MIP-1 , IL-3 and IL-6, which promote OC activation. RANK is a transmembrane receptor on OC cells which is activated by its ligand (RANK-L) expressed on MM cells; of note, adhesion of MM cells to BMSCs increases the surface expression of RANK-L on MM cell membrane. Binding of RANK-L to its receptor on OC-precursor cells increase their differentiation towards mature OCs by activating NF-B and jun-N-terminal kinase pathway [49, 50] . Moreover, mounting evidence indicates that exosomes secreted by MM cells positively modulate OC function and differentiation [43] , playing a key role in bone remodelling processes. Indeed, in vitro studies have demonstrated the prodifferentiative effects induced by MMderived exosomes on both human primary OCs and murine pre-OCs. Specifically, MM-derived exosomes increased the expression of osteoclastic markers and their lytic activity; on the contrary, exosomes derived by healthy peripheral blood mononuclear cells did not elicit any effect [43] .
Bisphosphonates that exert potent proapoptotic effects on OCs are the current standard treatment for MM-BD. However, severe side effects may occur in the mid-longterm treatment, limiting their real clinical usefulness [9] . Denosumab, a recently developed anti RANK-L monoclonal antibody, has unfortunately shown contradictory results in MM [51] ; Bruton tyrosine kinase-(BTK-) inhibitors, such as ibrutinib, have conversely shown promising anti-OC activity in preclinical models of MM-BD [52] .
Tumor angiogenesis has been linked to the pathogenesis and progression of hematological malignancies, including MM [53] . It is widely acknowledged that MM growth in the BM increases vascularity by altering the fine interplay, regulated by cytokines and growth factors, among pericytes, endothelial cells (ECs), dendritic cells (DCs), inflammatory cells, and hematopoietic stem cells [54] . Importantly, a progressive increase in microvascular density is observed during the transition from MGUS to SMM and from SMM to clinically active MM [55, 56] , paralleled by the increase in the peripheral blood or in the BM of the serum levels of the major proangiogenic cytokines (VEGF, bFGF, HGF, and Syndecan-1) [57] . MM-derived ECs may secrete IL-6, bFGF, and HGF, which in turn promote MM growth and dissemination; on the other hand, MM cells secrete VEGF which stimulates IL-6 production by ECs [57] [58] [59] [60] . A graphic overview of the interaction between MM cells and the most representative cellular components of the BMM is provided in Figure 1 .
The progression of MM is also associated with an immunosuppressive microenvironment that promotes tumor growth and escape from physiological immune surveillance systems, where effector cells, mainly Natural Killer (NK) cells and cytotoxic T lymphocytes (CTLs), enable potent antitumor responses. Several immunosuppressive cell types have been identified in the context of the MM-BMM, such as myeloid derived suppressor cells (MDSCs) and regulatory T cells (Tregs). For detailed information on the MM-related immunological microenvironment, we recommend to the readers more specialized reviews [10, 11] .
miRNA-Based Regulation of MM Cells by the BMM
The signals from the BM niche provide a viable environment for MM cell growth and survival. Such microenvironmentderived supporting role on MM cells mainly occurs through a close interaction between MM cells and BM components, which may exert their regulatory effects on cancer cells through miRNAs [21, [61] [62] [63] .
It is now clear that the BMM is hypoxic and that low oxygen concentrations support MM cell angiogenesis, invasion, and disease progression [64] . Emerging data indicate that hypoxia regulates miRNA expression in cancer cells [65, 66] . In MM, we recently demonstrated that the hypoxic BMM strongly decreases the expression of miR-199a-5p [24, 50] . Of note, miR-199a-5p directly targets the transcription factor hypoxia-inducible factor-1 (HIF-1 ), which is strongly overexpressed in MM cells [67] [68] [69] . Enforced expression of miR-199a-5p synthetic mimics in hypoxic MM cells reduced HIF-1 expression and impaired both MM and EC migration, increasing adhesion of cancer cells to the hypoxic BMSCs. The latest evidence was particularly interesting, since a previous report indicated that hypoxia reduces adhesion of MM cells to the BM stroma, thus promoting dissemination [70] . Importantly, miR-199a-5p synthetic oligonucleotides delivered in a mouse model of human MM reduced tumor growth and prolonged survival of treated animals [24] , thus demonstrating the anti-MM potential of miR-199a-5p replacement strategies in overcoming the hypoxic microenvironment in vivo.
In the BMM, MM cells have an inhibitory effect on osteoprotegerin (OPG) secretion by BMSCs and OBs, thus inducing an imbalance in RANK-L/OPG ratio and leading to osteolytic lesions development. The TNF receptor ligand superfamily member OPG acts as a decoy receptor of RANK-L, thus antagonizing RANK-L binding to RANK and consequently preserving the integrity of bone mass [71, 72] .
Recently, Pitari and colleagues reported the involvement of oncogenic miR-21 in MM-BD, validating OPG as direct target. The authors found that miR-21 was overexpressed in 
, I L -6 , a n d MM patient-derived BMSCs; furthermore, adhesion to MM increased miR-21 expression in stromal cells, while OPG secretion was impaired. On the contrary, constitutive miR-21 inhibition in BMSCs restored OPG secretion, reduced RANK-L production, and rescued RANK-L/OPG ratio in cocultures of MM patient-derived BMSCs. Importantly, authors found that inhibition of miR-21 negatively reduced bone resorption [29] . As discussed above, BMSCs are induced by MM cells to produce RANK-L, contributing to MM-BD [73] ; however, several studies showed that also human MM cells express RANK-L [74] . Yuan and colleagues demonstrated that RANK-L promoter demethylation in MM cells was under the control of BMSCs. In detail, authors showed that coculture of MM cells with MM-BMSCs induced downregulation of the DNA-methyltransferase DNMT1 along with RANK-L promoter demethylation in MM cells. The authors hypothesized that, among the soluble factors secreted by BMSCs, TNF could be responsible for the phenomena described above [75] . Indeed, treatment with TNF increased miR-140-3p and miR-126 expression in MM cells, which are under the control of TNF , and led to repression of DNMT1 transcription and RANK-L expression; conversely, the anti-TNF antibody partially abrogated RANK-L expression [76] . Studies on B cell-activating factor (BAFF), a member of the tumor necrosis factor family, demonstrated that the expression levels of this cytokine are significantly high in serum of MM patients. BAFF secreted by BMSCs positively controls MM survival, also sustaining adhesion of cancer cells to stromal cells. In turn, cell adhesion-activated NF-B pathway in stromal cells further preserves myeloma cells against conventional drug treatment [37, 77] . Bioinformatic analyses evidenced that miR-202 targets BAFF [21, 78] . Shen and colleagues found that overexpression of miR-202 in BMSCs reduced adhesion of MM cells to the stroma; furthermore, they observed inhibition of MM cell growth and survival, as well as an enhanced sensitivity of MM cells to bortezomib treatment [79] .
In another study, adhesion of MM cells to the BMSCs was also demonstrated to trigger bortezomib resistance via suppression of the tumor suppressor miR-15a/-16 in MM cells. MiR-15a/-16 are located as a cluster on chromosome 13q14, an area frequently deleted in MM and strongly correlated with reduced survival in MM patients [80] . MiR15a and miR-16 expression usually is low in MM PCs and totally absent in those patients carrying deletion [21] . Further studies indicated that the BMM might be involved in downregulation of miR-15a/-16: in fact, IL-6 produced by BMSCs was responsible for miR-15/-16 downregulation by BMSCs, and exogenous IL-6 induced a time-and dose-dependent reduction of miR-15a/-16 in MM cells; in addition, miR15a inhibition rescued VEGF expression and contributed to disease progression [81, 82] . IL-6 also triggers the transcription of miR-21 gene, which contains two STAT3 binding sites within its putative regulatory regions; of note, IL-6-dependent miR-21 expression was completely abrogated when STAT3 motifs were removed by miR-21 promoter, thus demonstrating that miR-21 gene transcription by IL-6 occurred in a STAT3-dependent fashion [83] .
The effect of the BMM on miRNA expression in MM cells was also investigated by Wang and colleagues, who showed that upregulation of oncomiR-21 in MM cells was a consequence of the adhesion to BMSCs and correlated with NF-B activation in MM cells. Treatment with the proteasome inhibitor bortezomib, a strong inhibitor of NF-B signalling pathway, led to downregulation of miR-21 even in MM/BMSCs cocultures [84] . Importantly, the authors evaluated the therapeutic efficacy of a combination between miR-21 synthetic inhibitors and dexamethasone, bortezomib, or doxorubicin, demonstrating that inhibition of miR-21 expression resensitizes MM cells to dexamethasone and bortezomib [84] .
Mesenchymal stem cells (MSCs), the progenitors of OBs, readily contribute to MM-BD by promoting OC formation and activity at various levels (increasing RANK-L to OPG expression, augmenting secretion of activin A and production of Wnt5a, etc.), thus further contributing to OB/OC uncoupling in MM osteolytic lesions [85] .
Several reports indicate a senescence-like state in BMMSCs, promoting tumorigenesis in neighboring premalignant cells [86, 87] . In detail, a senescence-like state in MSCs seems to be correlated with an altered secretory profile, impaired osteogenesis, and inhibition of T-cell proliferation [88, 89] . Interestingly, two imprinted clusters in the human genome [90] , namely, DLK1-DIO3 and C19MC, expressing several miRNAs, have been linked to the senescence process [91] . Berenstein and colleagues studied the correlation between senescence and miRNA expression in MM BMMSCs. The authors evidenced an increased senescence in MSCs after coculture with MM cells; then they analyzed miRNAs deregulated in MSCs and likely associated with inflammation-induced cellular senescence [90, 92, 93] and identified miR-485-5p, whose hypermethylated locus is in the DLK1-DIO3 cluster, as a potential candidate accounting for the senescence status in BMSCs. Interestingly, overexpression of miR-485-5p in MM cells blocked cell cycle and senescence of MSCs [91] .
miRNA-Based Strategies to Overcome the MM-Supporting BMM
The increasing number of preclinical studies demonstrates the ability of miRNA-based strategies to counteract the protective role of the BMM on MM cells. Roccaro and colleagues identified several miRNAs deregulated in MM cells and, among others, miR-15a and miR-16 resulted to be significantly decreased in MM compared to healthy PCs. Therefore, the functional role of miR-15a and miR-16 in MM cells was investigated by transfecting synthetic pre-miRNAs and evaluating their anti-MM effect in the context of the BMM [94] . Restoration of miR-15a and miR-16 reduced MM cell proliferation and growth both in vitro and in vivo, abrogating the expression of validated targets involved in signalling pathways regulating proliferation, such as AKT3. MiR-15a and miR-16 restoration negatively affected VEGF secretion in MM cells and inhibited MM cell-dependent EC growth and capillary formation in vitro. Of note, miR-15a and miR-16 overexpression reduced the in vitro migratory capacity of MM cells and impaired MM adhesion to the BMM reducing tumor progression in mice [94] .
A group of miRNAs in MM cells was found to be under the control of Argonaute 2 (AGO2) protein, a core component of the RISC complex that indirectly regulates gene expression by RNA degradation or translational repression. AGO2 directly binds to miRNAs and mediate target mRNA degradation. Wu et al. described the role of AGO2 as enhancer of MM angiogenesis, through upregulation of proangiogenic miRNAs such as let-7 family members and miR-92a and downregulation of the antiangiogenic miR-145. All these miRNAs have several angiogenic targets. Let-7 family members regulate VEGF level and promote angiogenesis by reducing HIF-3 expression, the negative regulator of HIF pathway in vascular cells. VEGF is also target of downregulated miR-145, a miRNA binding the 3 -UTR of VEGF. AGO2-induced angiogenesis is also triggered through the upregulation of miR-92a, which targets the antiangiogenic protein angiopoietin-like protein 1 (ANGPT1) [95] .
Constitutively active canonical Wnt/ -catenin pathway has been described in MM cells [96] , mostly due to increased expression of BCL9, the transcription coactivator forcatenin [97] . Zhao and colleagues firstly demonstrated that BCL9 is a direct target of tumor suppressor miR-30 family members; furthermore, they showed that downregulation of miR-30s results from MM-BMSCs interaction [98] . Ectopic expression of miR-30c decreased BCL9 expression and inhibited components of Wnt pathway, such as CD44 and Axin-2 [99, 100] . CD44 being a functional component of cell adhesion-mediated resistance [6] , the authors explored the potential involvement of miR-30s in BMM-dependent drug resistance: restoration of miR-30s expression resensitized MM cells to dexamethasone treatment, even when MM cells were cocultured with BMSCs. Importantly, miR-30c blocked tumor growth and dissemination in murine xenograft models of human MM; in particular, microcomputed tomographic analyses of bones revealed a reduction of osteolytic lesions, suggesting miR-30s as new antiresorptive therapeutic agents in MM-BD [98] .
Another tumor suppressor miRNA downregulated in MM is miR-125b-5p, which has been shown to target interferon regulatory factor 4 (IRF4), a lymphocyte-specific transcription factor with an oncogenic role in MM. IRF4 has several targets such as c-Myc, which has a prominent role in the pathogenesis of MM, or B-lymphocyte-induced maturation protein-1 (BLIMP-1), through which IRF4 regulates MM survival. Adhesion to BMSCs or exogenous cytokines (IL-6, IGF-1, and HGF) did not affect the in vitro tumor suppressive activity of synthetic miR-125b-5p mimics that was also confirmed in vivo after delivery of lipid-emulsion formulated oligonucleotides in SCID mice bearing MM xenografts [23] .
miR-29 family members generally act as tumor suppressor in hematologic malignancies [33] . Recent studies by our group described the role of miR-29b in MM. Constitutive expression of miR-29b decreased cell proliferation and induced apoptosis in MM cells, reducing the expression of MCL-1 and CDK6, usually overexpressed in MM and associated with cell growth promotion [22] . Among miR29b targets, we identified Sp1, a transcription factor with oncogenic activity in MM and other malignancies [47, 101] , as involved in a negative feedback loop with miR-29b itself [22] . Later on, additional studies confirmed the biological role of miR-29b in the context of the BMM; in detail, miR29b overexpression impaired MM and HUVEC migration and increased adhesion to BMSCs, downmodulating the expression of factors involved in both angiogenesis and disease progression as IL-8, MMP2, and VEGF-A [102] . We also reported the in vivo antitumor activity of synthetic miR-29b mimics in the context of the BMM, by using the SCID-synth-hu model [103] ; in this system, CD138 + cells from advanced MM patients are injected in SCID mice implanted with a 3D polymeric scaffold mimicking the bone architecture, which is previously reconstituted with human BMSCs. Of note, intrascaffold delivery of lipid-emulsion formulated miR-29b mimics induced apoptosis of MM cells, confirming the tumor suppressor role of miR-29b within the BMM [25] . We also investigated whether miR-29b, previously proven as involved in bone remodelling and osteoblastic differentiation [104] , could have effects on osteoclastogenesis in MM-related BD. Importantly, we observed a reduction of miR-29b levels along in vitro human osteoclast generation from CD14
+ human monocytes exposed to M-CSF and RANK-L. Overexpression of miR-29b significantly impaired human OCs differentiation and bone resorption activity, by reducing expression of canonical targets C-FOS, MMP2, and also the master transcription factor for OC generation NAFTc-1 [105] .
Loss of function p53 mutations are a rare event in early stage MM while they may occur in patients with primary plasma cell leukemia (PPCL) or in MM patients who progress to a leukemic phase (secondary PCL). Therefore, reactivating p53 may provide a therapeutic strategy against MM. Several miRNAs have been identified to regulate p53 expression and activity and/or are induced by p53 [106] . Among p53-induced miRNAs, we found that miR-34a, ectopically expressed by various means in MM cells, induced growth inhibition and apoptosis. By in vivo studies, we evaluated the antitumor effect of miR-34a-transduced MM cells engrafted in SCID mice, observing dramatic tumor growth inhibition and prolongation of survival in treated animals. The potential role of miR-34a as new antimyeloma agent was assessed in vivo by the SCID-synth-hu model [107] .
miRNA profiling of primary MM samples has provided relevant information on miRNA dysregulation in MM [108] . We have demonstrated high miR-125a-5p levels in a subset of MM patients carrying the t(4;14) translocation. In an attempt to evaluate additional mechanisms of miR-125a-5p regulation, we found that adherence to BMSCs upregulated miR-125a-5p levels in MM cells. At the molecular level, miR125a-5p was found to target the 3 -UTR of p53. Upregulation of p53 by miR-125a-5p inhibitors was paralleled by the activation of a subset of p53-induced miRNAs, like miR-192 and miR-194, and was associated with the inhibition of cell growth, migration, and induction in apoptosis only of MM cell lines carrying a wild-type p53 gene [30] . miR-21 is an established onco-miRNA in human cancer. Adhesion of MM cells to human BMSCs has been described to trigger upregulation of miR-21 in MM cells, thus strengthening the relevant role of the BMM in the induction of oncomiRNAs. Using synthetic miR-21 oligonucleotide inhibitors, we observed in vitro and in vivo activity in SCID/NOD mice bearing human MM xenografts. miR-21 inhibitors triggered upregulation of tumor suppressor genes such as PTEN, BTG2, and Rho-B and reduced MM cell proliferation, survival, and clonogenicity in PTEN/AKT-dependent manner [28] .
As discussed before, MM-MSCs play a critical role in MM pathophysiology. In a study by Xu and colleagues, primary MSCs derived from MM patients were analyzed for miRNA expression and were found to exhibit a reduced osteogenic potential along with enhanced expression of miR-135b, differently from MSCs from normal donors. In detail, authors noticed that increased expression of miR-135b in MM-MSCs was correlated with a decrease of both alkaline phosphatase activity and SMAD5 expression, a direct miR-135b target gene. Notably, by coculturing normal donors MSCs with MM cells, miR-135b expression significantly increased, suggesting a functional relationship between cancer and MSCs within the BMM [109] .
A 3D bone cancer model was used by Reagan et al. in order to investigate MM growth and progression; in detail, this model recapitulates interactions among MM cells, MSCs, and ECs in the BMM, thus providing a physiologically relevant platform to study osteogenesis, BM angiogenesis, and cell survival. Interestingly, miRNA profiling in MSCs, cocultured in such a model with MM cells, revealed a strong downregulation of specific miRNAs (miR-199a, miR-24, miR-15a, and miR-16). Overexpression of miR-199a-5p increased mineralized bone matrix, while osteogenic marker genes, such as runx2, ALP, OPN, and Col1a1, were induced by both miR-199a-5p and miR-199a-3p overexpression [110] . Moreover, by pathway enrichment analysis, the authors identified MAPK and Semaphorin signalling pathways as miR-199a-5p downstream pathways, highlighting their possible involvement in osteogenesis [111, 112] . A list of the most representative miRNAs whose activity has been studied in the context of the MM BMM is reported in Table 1 .
Extracellular miRNAs in the BMM
In recent years, it has become evident that stroma-tumor interaction is not simply composed of paracrine signalling of soluble factors and cell-matrix adhesion. In fact, lipid membrane-bound small vesicles are secreted from both cancer and stromal cells and deliver their RNA and protein cargos, whereby they alter gene expression in the recipient cells [113, 114] . Extracellular miRNAs may exist in two main forms, that is, microvesicles-(MVs-) free and MVs-entrapped [115] . The first fraction, merely bound to AGO2 proteins, is the most represented both in blood/serum and cell culture media (90-99%) and displays resistance to nucleases [114] [115] [116] . On the other hand, mounting evidence indicates that cells selectively package and actively secrete certain miRNAs into MVs. Three different types of extracellular MVs have been so far described, that is, (1) exosomes (with a diameter ranging from 30 to 100 nm), which originate within the multivesicular bodies (MVBs) and are released upon fusion of MVBs with the plasma membrane; (2) shedding vesicles (with a diameter ranging from 0.1 to 1 m), which derive from outward sprouting and fission of the plasma membrane; (3) apoptotic bodies (with a diameter ranging from 0.5 to 2 m), the membranous vesicles shed from cells during programmed cell death. Different from AGO2-bound miRNAs, recent studies showed that MVs-entrapped extracellular miRNAs are indeed transferred to recipient cells where they regulate gene expression by directly binding to target mRNAs [114] [115] [116] . Therefore, at least this fraction of extracellular miRNAs can be considered as an active player in cell-to-cell communication, triggering signals from both living (exosomes, shedding vesicles) and dying (apoptotic bodies) cells. Furthermore, recent reports suggest that extracellular miRNAs may work in noncanonical ways. Specifically, both MVs-free and MVs-entrapped miRNAs can bind extracellular or intracellular Toll-like receptor (TLRs) acting as paracrine agonists and, consequently, triggering the proinflammatory signalling downstream of TLRs [117, 118] . Extracellular miRNAs are also present and detectable outside the tumor microenvironment, for example, within the peripheral blood, and there is increasing evidence that these circulating miRNAs could represent a convenient and useful diagnostic/prognostic tool in human cancer, including MM [13, 116, 119] . Indeed, the availability of such less-invasive approach compared to BM PCs purified from human biopsies has opened a new field of investigation in MM [120] . Kubiczkova et al. identified 5 circulating miRNAs (miR-774, miR-130a, miR-34a, let7d, and let-7e) differently expressed in serum from patients with MGUS or MM compared with healthy donors (HDs). Importantly, the combination of miR-34a and let-7e was able to discriminate MM from HDs with high sensitivity and specificity [121] . Jones et al. identified miR-720 and miR-1308 as circulating miRNAs able to discriminate between HDs from MGUS or MM patients, whereas the combination of circulating miR-1246/miR-1208 allowed distinguishing MM from MGUS patients [122] . Huang et al. profiled plasma samples from 12 MM patients and 8 HDs and found 6 miRNAs (miR-148a, miR-181a, miR-20a, miR-221, miR-625, and miR-99b) specifically upregulated in the peripheral blood of MM patients; moreover, the expression of miR-148a and miR-20a correlated with patients' clinicopathological features and survival, thus suggesting a prognostic value for these two circulating miRNAs [13, 123] . With a different experimental approach, based on NanoString-nCounter microRNA assay and subsequent stem-loop-RT-PCR validation, Rocci et al. found 2 circulating miRNAs (miR-16 and miR-25) positively associated with better OS in MM patients [120] . However, all these studies were conducted on MVs-free circulating miRNAs, and the expression levels of miRNAs detected in the peripheral blood did not reflect intracellular levels. Two recent reports demonstrated the involvement of exosomal miRNAs in both MM-MSCSs tumor-promoting activity and MM cell-mediated angiogenic switch [42, 124] . In the study by Roccaro et al., authors showed that exosomes released from MM BM-MSCs were actively transferred to MM cells resulting in sustained tumor growth in vitro and in vivo [42] . The ability of MM BM-MSCs-derived exosomes to modulate in vivo MM cell growth and dissemination was investigated by means of subcutaneously implanted tissueengineered bones (TEBs). In this work, TEBs were loaded with MM cells and either MM or HD BM-MSCs-derived exosomes, while TEBs exclusively loaded with MM cells were used as control. Strikingly, MM and HD BM-MSCs exerted an opposite effect on tumor growth, with the latter negatively affecting the homing and proliferation of MM cells into the BM. These outcomes were associated with a different content in miRNAs, cytokines, and oncogenic protein cargos between MM BM-MSCs and HD BM-MSCs. Notably, the authors attributed to the tumor suppressor miR15a a relevant role in regulating MM cell growth, since its abundance was much higher in exosomes from HD BMMSCs compared to exosomes from MM BM-MSCs than [42] . In the study by Umezu et al., new insights on the mechanisms underlying the angiogenic switch in MM BM microenvironment were provided [124] . 
Conclusions
Significant advances in understanding the pathogenesis of MM have highlighted the relevance of the BMM in PCs survival and resistance to conventional and novel drugs. An intricate network composed of a plethora of signalling molecules regulates the cross-talk between MM cells and the surrounding microenvironment, inducing tumor growth by autocrine and paracrine mechanisms. In this context, miRNAs have emerged as contributors to tumor progression by regulating communication between cancer cells and other cellular components of the microenvironment [114] . Notably, several investigations have provided evidence of miRNAs playing a role in BMSC-triggered drug resistance of MM cells [81, 82] , although the exact underlying mechanisms remain to be determined. Intriguingly, the findings that cytokines or adhesion to BMSCs may regulate levels of DNAmethyltransferases in MM cells [33, 76] suggest novel BMSCdriven epigenetic mechanisms regulating miRNA expression, which indeed deserve in-depth investigation.
Moreover, BMSCs have been proven to release miRNAs in exosomes [42, 124] , which could influence the phenotype of MM or other cells of the BM milieu via a paracrine mechanism.
Preclinical studies taking advantage of murine models recapitulating the human BMM [25, 103, 107] suggest that miRNA manipulation in MM cells might activate diverse tumor suppressive pathways which potently inhibit MM survival and overcome the protective BMM, thus representing new tools against MM [13] and MM-related diseases [98] . However, additional research is needed to better disclose the regulatory role of miRNAs in the BMM, thus allowing the design of more effective miRNA-based therapeutic strategies targeting MM cells in the context of their natural microenvironment.
